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DispersantSinglewalled carbon nanotubes (SWCNTs) form a special class of carbonmaterialswith high electric and thermal
conductivity. Ordinary SWCNTs exist in the form of bundles, primarily because of intertubular van der Waals
attraction. Here we show that silica nanoparticles (NPs) with tunable surface energy can be used as efﬁcient
aqueous dispersant for SWCNTs. A subsequent controlled solvent-evaporation leads to the formation of
SWCNT–silica hybrid cryogels. We characterize cryogels using gas/vapor adsorption and electric conductivity
measurements and show that their porosity and conductivity can be ﬁne-tuned by altering the silica-to-
SWCNT relative concentration. We believe that the SWCNT–silica hybrid cryogels can be used as a precursor
for fabricating functional electrodes for advanced energy storage devices.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Single walled carbon nanotubes (SWCNTs) possess unique
electrochemical properties and hence, are of prime interest for mak-
ing electrodes for supercapacitors [1,2]. However, their low surface
hydrophilicity i.e. electrolyte wettability restricts the density of surface
bound ions and limits their efﬁciency as electrodes [3]. Ordinary non-
functionalized SWCNTs (diameter 1–2 nm) exist in the form of bundles
of lower surface area primarily because of lateral intertubular van der
Waals attraction [4]. Surfactants and similar organic amphiphilic mole-
cules have been widely used for dispersing SWCNTs [5]. However, the
major drawback of using such molecules is their irreversible binding
to the SWCNTs which in turn signiﬁcantly reduces the speciﬁc conduc-
tivity of the SWCNTs. Recently, Kaneko et al. [6] have developed a new
route to disperse the SWCNTs using nanosilica. The SWCNTs were par-
tially coated with a silica nanolayer, inducing mutual electrostatic repul-
sions. The method provided a unique way to disperse SWCNTs using
inorganic oxide, however the potential capabilities of the silica–
SWCNT composite in electrode manufacturing are yet to be
explored [7]. In this article, we present a novel class of SWCNT–silica
nanoparticle (NP) hybrid cryogels with tunable conductivity, surfacel and Biomolecular Engineering,
Environmental Science, Shinshu
ko@shinshu-u.ac.jp (K. Kaneko).
ss article under the CC BY-NC-ND licarea and porosity. Our method emerges from the fact that aqueous
colloidal dispersions can be transformed into fully percolated 3D net-
works by controlled solvent evaporation [8]. We believe that such
hybrid cryogels can potentially be used as a support for new catalysts
and as supercapacitor electrodes for high energy density storage [9].
Improving SWCNT dispersibility with silica NPs, while retaining
their high conductivity holds the key to manufacture future adhesives
and efﬁcient electrodes [10,11]. A change in the surface properties of
silica NPs is known to alter their interfacial and adsorption behavior
[12]. The surface interactions between the silica NPs and SWCNTs will
determine the physical characteristics of the cryogel and hence
their electrochemical properties. In this article we control the frac-
tional dispersibility of SWCNTs in water by directing the surface
binding of silica NPs. For this purpose, two types of silica surface chem-
istries have been investegated: (a) non-functionalized silanol (Si–OH)
and (b) functionalized N-propylamine (Si–C3H6–NH2). The dissociation
of the surface functional group is dependent on the free proton concen-
tration in bulk [13]. Hence, any change in the dispersion pH leads to the
protonation/deprotonation of the surface functional groups. Therefore,
bulk pH provides an excellent tool to precisely control the surface
energy of the silica nanoparticles, thus the SWCNT–silica interaction.
Fig. 1a shows the equilibrium fraction of SWCNTs dispersed by non-
functionalized and functionalized 8 nmdiameter silica NPs in awide pH
regime (for details see Methods). For non-functionalized silica (Si–OH
surface groups), a high fraction of the nanotubes are dispersed at
pH 2.6 which decreases with increasing pH. Whereas for functionalized
silica NPs (Si–C3H6–NH2 surface groups), SWCNT dispersibilityense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. (a) Fraction of SWCNTs dispersed in aqueous dispersions of non-functionalized
(open circles) and n-propylamine functionalized (open squares) silica NPs of 8 nm diam-
eter in the pH range of 2–12. (b) Zeta potential–pH titration curve for non-functionalized
(ﬁlled circle) and functionalized (ﬁlled squares) silica NP (8 nm) dispersions in the
absence of SWCNTs.
Fig. 2. (a) Effect of silica NP concentration and its curvature (size) on the fraction of
SWCNTs dispersed in an aqueous solution. The smaller particles (8 nm, circles) show
better SWCNT dispersibility than lower curvature silica beads (27 nm, squares). (b) and
(c) respectively are the TEM images of SWCNT nanobundles engulfed by 8 nm and
27 nm functionalized silica NPs.
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pH 7 (Fig. 1a and S1). This difference in the equilibrium amount of
SWCNTs dispersed for two different silica surface chemistries highlights
the role of surface speciﬁc interactions between SWCNTs and the sil-
ica NPs in the nanotube dispersibility. The pH dependence of SWCNT
dispersibility was further investigated by zeta potential–pH titra-
tions for aforementioned silica surface particles. As can be seen
from Fig. 1b, the charge on the non-functionalized silica particles
remains strongly negative at pH N 4 (ca. isoelectric point (IEP) ~ pH 2).
Whereas for n-propylamine functionalized silicaNPs, the surface charge
remains positive until pH b 8 and becomes strongly negative in the
pH N 9,with IEP≈ pH8. Correlating the SWCNT dispersibilitywith silica
NP surface charge (Fig. 1a and b), we ﬁnd that higher fraction of nano-
tubes can be dispersed when the silica surface is weakly charged.
Although the exact nature of interactions between SWCNTs and silica
is not known but we speculate that less hydrophilic patches between
charged groups on silica surface [13,14] would bind preferentially
with SWCNTs and lead to their stabilization. This conjuncture is sup-
ported by our observation, where a reduction in the number of charged
sites on the particles results into better dispersibility of SWCNTs [15]. In
addition, it can also be ascertained that aminimum silica surface charge
is necessary for achieving a stable SWCNT dispersion (Fig S1). This can
be attributed to the fact that for in-solution stability, the silica coated
SWCNTsmust possessmutual electrostatic repulsionwhichwill restrict
the re-bundling and phase separation of the nanotubes. Here it
should be emphasized that unlike amphiphilic dispersing agents
where the SWCNT bundles are dispersed into individual nanotubes,
the silica NPs lead to the formation of the particle decorated SWCNT
nanobundles. The TEM and AFM images conﬁrm the presence of
silica–SWCNT nanobundles (Fig. 2b, c and S2). This difference between
the equilibrium state of SWCNTs dispersed by amphiphiles and silica
NPs can be attributed to higher diffusive access of molecular amphiphilesover nanosized silica particles. The smaller size and higher diffusivity
of the molecular surfactants provide better access to the conﬁned
intertubular spaces of SWCNT bundles, which then results into higher
nanotube dispersibility.
The role of silica nanoparticle diffusivity and spatial restriction in
SWCNT dispersibility can be further conﬁrmed by varying the curvature
(particle size) of the dispersing silica nanoparticles. Fig. 2a shows the
15B. Bharti et al. / Colloids and Interface Science Communications 3 (2014) 13–17equilibrium amount of SWCNTs dispersed with 8 nm and 27 nm silica
nanoparticles. As can be observed, at low silica concentrations (b0.5%),
smaller sized silica NPs ~8 nm were found to be more efﬁcient disper-
sants over 27 nm silica NPs (Fig. 2a). However in both cases the silica
covered SWCNT nanobundles is the equilibrium dispersed state
(Fig. 2b and c). Given that the surface chemistry of 8 and 27 nm particles
was identical, the dissimilarity in the fraction of SWCNTs dispersed arises
primarily from thedifference in particles' curvature. Hence, in addition to
the surface charge, the curvature of the silica NPs (size) plays a crucial
role in determining the equilibrium amount of SWCNTs dispersed.
The implications of the silica NPs binding to the SWCNT bundles
were investigated using Raman spectroscopy (Fig. S3). At pH b 4, the
crystallinity of SWCNTswas slightly decreased in comparison to pristine
nanotubes. Therefore, SWCNT–silica material formed by non-
functionalized silica at pH b 4 would lack in high speciﬁc conductance
and may not be useful for manufacturing conductive cryogels. Hence,Fig. 3. (a) and (c) arewater and nitrogen adsorption isotherms, respectively for 8 nm functional
the plots indicate the net wt.% of SWCNTs added to 1% aqueous silica dispersions. (b) Maximum
cryogel as determined by the BET plot of the nitrogen adsorption isotherms. (e) A schematic
structure.the non-functionalized silica NPs were not investigated further.
Raman spectra of functionalized silica NP capped SWCNT bundles
show double peaks (at RBM1≈ 153 cm−1 and RBM2≈ 168 cm−1) in
their radial breathing mode (RBM) indicating the presence of both
bare and the nanoparticle coated SWCNTs (Fig. S3) [16,17]. The particle
coated SWCNTs give rise to the observed high wave number Raman
shift (RBM2), while the lower frequency peak (RBM1) corresponds to
bare nanotubes [18]. The shifts in the RBM1 and RBM2 peak positions
were strongly pH dependent, conﬁrming the ﬁne tuning of SWCNT–sil-
ica NP interactions with pH. Similar deviations in the RBM1 and RBM2
positions were also observed for SWCNTs stabilized with increasing sil-
ica concentration (Fig. S4).
The SWCNT bundles showedmaximum dispersibility of 30% at pH 6
in 0.1 wt.% functionalized silica NP dispersion. SWCNT–silica hybrid
cryogels were obtained by freeze drying the composite dispersion
(SEM, Fig. S5). The porosity of the composites structurewas determinedized silica NPs (squares) and their hybrid cryogelswith SWCNTs. The numbers displayed in
volume of water adsorbed for SWCNT–silica NPs hybrid cryogels. (d) Surface area of the
showing the effect of increasing silica nanoparticle concentration on hybrid cryogel pore
Fig. 4. (a) Change in the electrical conductivity of the silica–SWCNT hybrid cryogels
formed by 8 nm particles. The plot shows a decrease in electrical conductivity with
increasing silica concentration. (b) A convoluted parameter pore volume × conductivity
i.e. α plot shows a similar trend as shown by the conductivity.
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adsorption isotherm (Fig. 3a) we ﬁnd lack of initial uptake in the func-
tionalized silica surface indicating its lesser hydrophilicity in compari-
son to the non-functionalized silica NPs at pH 6 [19]. This decrease in
the surface hydrophilicity is attributed to the replacement of surface–
OH groups with –C3H6–NH2 upon surface functionalization. The pres-
ence of hysteresis loop in the water and nitrogen adsorption is typical
for silica cryogels having a corpuscular structure. According to the
classical interpretation, the hysteresis loop stems from ink bottle
pores which possess narrow necks and wide bodies [20], where the
mesopores neck size is ~5 nm. The major fraction of mesopore volume
originates from the internal space of the composite material. The
mesopore volume for water vapor adsorption is determined by the
extrapolation of the slanting linear range of the desorption branch of
the hysteresis loop at p/p0 = 1. The mesopore volume of the cryogel
prepared by 0.5 wt.% silica dispersion remains almost independent of
the amount of SWCNTs (Fig. 3b). We believe that at low silica NP con-
centration (0.5 wt.%), majority of the NPs are present on the surface of
SWCNTs bundles and only a low fraction of the particles remain in
their unbound state which further interlink the structure and form the
cryogel skeleton. However, increasing silica concentration to 1 wt.%
results into excess availability of the nanoparticles that assist in cryogel
network formation and an increase in the limiting volume adsorbed is
observed (Fig. 3b) [21]. This conjuncture is supported by the BET surface
area of the compositematerials (Fig. 3d). At 0.5%, the surface area (from
N2 adsorption) and pore volume (from water adsorption) remain
almost unchangedwith increasing SWCNT amount.Whereas, 1wt.% sil-
ica results into an increase in the pore volume and surface area with in-
creasing SWCNT amounts, indicating the silica NP network formation
around the dispersed silica–SWCNT bundles. Based on our dispersibility
and adsorption studies,we believe that silicaNPs play the following two
roles in the composite cryogels: (a) a dispersing agent for SWCNTs and
(b) as a scaffold providing an internal microstructure to the composite
material (Fig. 3e).
Onemajor requirement for practical applicability of these cryogels is
the high conductivity. In the present case we determine the electrical
conductivity of the hybrid material by the two electrode method. The
silica–SWCNT cryogel was converted into a pellet under 1MPa pressure
and its conductance was monitored under the same load. Fig. 4a shows
the dependence of cryogel speciﬁc conductance on the concentration of
SWCNTs. The increase in the electrical conductivity with increasing
SWCNT amount can be attributed to the increasing possibility of
nanotube-to-nanotube contact points i.e. crosslinking of the nanotubes
in the cryogel. For practical application of the SWCNT–silica hybrid
material as electrodes, the pore volume as well as conductance of
the composite should be maximized. Hence, we deﬁne a parameter
‘α’ as the product of pore volume and speciﬁc conductivity of the
composite. We believe that α can be used as a measure of the quality
of the composite cryogels. Fig. 4b shows the dependence of α on the
concentration of silica and SWCNTs. In the studied parameter space,
α shows an increase with increasing SWCNT concentration. Al-
though the increase in α between 0.025 wt.% and 0.035 wt.% SWCNTs
is marginal, the cost involved in the material formation would increase
by 40%.
In conclusion, we demonstrated that nanosilica can be used to
disperse SWCNTs in aqueous solvents. The equilibrium dispersed
amount of SWCNTs is dependent on the physiochemical surface
properties of the silica NPs. In addition, we developed a fundamental
understanding of the mechanism involved in the dispersibility and
dispersion stability of SWCNTs by silica NPs. The hybrid cryogel ma-
terial formed by freeze drying of the composite dispersion acquires a
high pore volume while maintaining its high speciﬁc conductance.
Amine functionalized silica surfaces have been reported to possess high
afﬁnity for acidic gases such as CO2 and H2S, hence, the SWCNT–silica
material may ﬁnd applicability in converting atmospheric CO2 into
clean fuels [22]. In addition, the fabricated material can be used as aprecursor for electrode manufacturing which further can be used in var-
ious energy harvesting and storage devices.
Methods
In this study we used commercially available SWCNTs (Meijo
Nano Carbon Co.), LUDOX™ (Sigma-Aldrich) silica NPs of 8 nm
and 27 nm diameter (TEM, Fig. S2). The surface of native non-
functionalized silica NPs (Si–OH) was transformed to Si–C3H6–NH2
by selective functionalization with (3-aminopropyl)triethoxysilane
(APTES) [23]. The pH titration series of SWCNT–silica composite dis-
persions were prepared with both non-functionalized and function-
alized silica NPs. Aqueous nanoparticle dispersionwith pre-tuned pH
was sonicated in the presence of SWCNTs for 20 min using a homoge-
nizer tip (SONIC, VS 505) at a frequency of 20 kHz (power 150W). Dis-
persed SWCNT–silica aqueous solution was obtained and the larger
bundles were removed from the dispersion by centrifuging it at
20,000 rpm. The exact fraction of SWCNTs dispersed was estimated by
measuring the absorbance at 273 nm wavelength. The absorbance
values obtained were used to determine the amount of nanotubes
dispersed by using a SWCNT dispersibility calibration curve (Fig. S7,
see SI) as explained elsewhere [24].
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